Abstract-This paper introduces a particular permanent magnet motor (PMM) design methodology, considering advanced magnetic material characteristics, for aerospace actuator applications. In this class of problems, increased electromagnetic power density, fault tolerance, and high-temperature withstand properties are of major importance, and favored single-layer (SL) and double-layer (DL) fractional slot concentrated winding (FSCW) optimal topologies with different motor segmentation strategies have been compared. Under such strict nature of specifications, both operational and spatial, the implementation of advanced magnetic materials, particularly Vacoflux50 cobalt iron laminations and NMX-S43SH neodymium PMs, offer great services. The optimization methodology introduced is based on composite cost and penalty functions involving performance, efficiency, reliability, weight, and thermal criteria for multioperational behavior under normal and temporary overload conditions. An appropriate particle swarm optimization algorithm ensures fast convergence of the optimization variables. The resulting optimal SL and DL FSCW PMM configurations present certain complementary advantages, while the former one offering greater efficiency, thermal robustness, and physical segregation of the two motor parts is favored for this class of applications. Finally, the proposed motor configuration has been validated through measurements on a manufactured prototype.
torque density, and excellent transient behavior are the issues of crucial importance in aerospace applications [1] [2] [3] [4] [5] . The independent and strong excitation system produced by the PMs enables the substantial overloading of the motor, while it provides higher power density values, in comparison with other potential competitors, such as switch reluctance or induction motors. Furthermore, PMMs exhibit improved transient behavior and manufactory simplicity, due to the absence of copper in the rotor. Moreover, the high torque density values, in conjunction with the advances in PM rare-earth materials technologies, result in high efficient motors due to lower stator currents for the same torque specifications, compared with other motor types [6] . The extremely strict nature of the specifications, both operational and spatial, of the specific aerospace application has highlighted the necessity of the thorough investigation of the actuator operating cycle and behavior as well as their systematized optimization [4] [5] [6] [7] . Furthermore, the critical nature of aerospace applications requires a high amount of system redundancy, extended analysis, and assessment of the fault tolerance capability of the electric drive train [8] [9] [10] [11] .
In this paper, a detailed PMM design optimization technique, regarding two distinct operating conditions, for a fault-tolerant electromechanical actuation (EMA) system for a helicopter swash plate, is developed. In order to meet helicopter safety regulations, the actuator motor system should be conveniently internally segmented, in order to increase redundancy and fault tolerance. Two candidate segmentation strategies, axial segmentation (AS) and circumferential segmentation (CS), are adopted and both schematics are shown in Fig. 1 . In the first type of segmentation, two separate stators in common motor housing are implemented, employing singlelayer (SL) fractional slot concentrated winding (FSCW), supplied by separate inverter for each motor unit. In the second type, the fault tolerance capability is achieved by the double-layer (DL) FSCW, which supplies each winding layer 2332-7782 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. by a separate three-phase inverter. It may be noted that in both redundancy cases considered, two separate inverters are implemented. Initially, the optimization process will be applied to both actuators. In the next step, geometrically optimized motor configurations are evaluated in terms of electromagnetic, thermal, transient, and total motor weight performance. Finally, the effectiveness of the proposed design methodology is validated through the experimental results.
II. ACTUATOR SPECIFICATIONS
The application considered comprises four vertically arranged and equidistantly spaced actuators for the operation of a three degree of freedom helicopter swash plate, each of them containing one motor with appropriate segmentation strategy, as shown in Fig. 1 . The system operates against aerodynamic forces caused at the rotor blades and exerted on the rotating upper ring of the swash plate through pitch links. The stationary lower ring of the swash plate is positioned by the four EMAs. All actuators are simultaneously active to achieve a minimum of nominal loading. The provided redundancy allows for the malfunction of one actuator unit, the three remaining EMAs safely continuing control of the swash plate with reduced performance. For this reason, each actuator is fitted with a disconnect device, decoupling the output shaft from the mechanical drive train, in the case of a mechanical jam. After disconnection of one actuator, the swash plate is still safely controlled by the remaining three actuators. However, the time needed for disconnection is critical regarding stability and stress and, therefore, imposes strict requirements in terms of torque and speed for each actuator motor. The continuous and temporary peak torques with speed curves are shown in Fig. 2 . Continuous torque is required in the steady-state operation of the motor, maintaining the actuator under a specific position. The temporary maximum torque corresponds to an abrupt maneuvering of the helicopter, or in the case of a mechanical jam as described earlier. Therefore, two different modes of operation are considered for the PMM, as tabulated in Table I . The specified torque under normal operation is about two times less compared with the extreme operating condition. A respective increase in rotor speed is also evident. The duration of the extreme mode of operation can exceed 5 min.
Under the strict nature of the specifications considered, both operational and spatial, tabulated in Table I , the selection of advanced magnetic materials play a key role in the design procedure, as they enable improvement of the motor performance, without compromising its efficiency, resulting in topologies with increased torque density and reduced weight. More specifically, the cobalt iron alloy Vacoflux50 0.35-mm laminations selected involve B-H characteristics and core losses with frequency shown in Fig. 2(a) and (b), respectively. In Fig. 3 , it can be observed that the employed laminations exhibit very low iron losses even for high-frequency values and great saturation levels. The particular PM type selected presents the characteristics shown in Table I , conserving increased remanence even at higher temperatures.
Furthermore, the discrepancy in specified torque and speed between the normal and extreme operations provokes several restrictions in the overall drive system, such as the control system capacity, rotor moment of inertia value, dc voltage level, and switching frequency [18] , [23] . In particular, rotor inertia is demanded to be adequately low, in order to achieve excellent transient behavior. The selected FSCW topology presented in Table I is selected mainly due to strict spatial limitations and high speed at extreme operation, leading to a PMM configuration with quite low number of poles. In addition, this particular slot-pole combination presents high winding factor as well as low torque ripple [12] . 
III. PROPOSED DESIGN METHODOLOGY

A. Preliminary Design
In the first step, an estimation of the actuator structure and performance is achieved by considering classical machine design analytical techniques [4] [5] [6] . Such an analytical approach does not enable detailed design optimization, due to the approximate nature of the electromagnetic field representation, but it delivers a suboptimum set of design variables adequately close to the region of the global optimum. It should be noted that this preliminary procedure is of crucial importance, as it can reduce the range of the design variables domain. The initial design is focused on the satisfaction of the fundamental spatial limitations and operational specifications as tabulated in Table I and is based on the analysis performed in [5] .
B. Critical Design-Optimization Procedure
For the determination of the final motor geometry adopted, a particular optimization algorithm, coupled with an external parametric fixed-step finite-element (FE) model, is introduced. Finally, a particle swarm optimization (PSO) methodology is employed, due to its inherent benefits among the other stochastic search algorithms [15] , [16] . More specifically, the PSO technique presents significant benefits, such as the reduced computational time and adjusted parameters. Moreover, PSO does not depend on the selected initial solution so as to start its iteration process [13] . The flowchart of the proposed PMMs optimization procedure is shown in Fig. 4 .
A single objective PSO optimization routine, focusing on the maximization of performance, power quality and minimization of total losses and weight, by using appropriate weight coefficients, is executed through the proposed optimization methodology. The optimizer iteratively calls a parametric 2-D FE model of the PMM, in order to compute its electromagnetic field characteristics, necessary for the evaluation of the composite cost function terms, through a two-step analysis, as shown in Fig. 4 . The design particle vector applied to parametric FE model at the j th iteration is
where θ mag is the PM angle, T w is the tooth width, T bi is the back iron thickness, R ag is the mean air-gap radius, and w so is the slot opening. The design variable limits are presented in Table II . The design variables limits are fixed at the preliminary design stage and are selected by combining construction constraints and variables differences not exceeding 25% of the initial design values, constituting a convenient compromise between the accuracy of the optimal solution and overall convergence speed. The composite cost function, evaluated for each particle of the population, is expressed as follows:
where w 1−4 represents the weight coefficients ∈ (0, 1), T m is the mean produced electromagnetic torque, P total is the total losses, THD V is the stator voltage total harmonic distortion, T ripple is the torque ripple, and m is the total actuator mass. The zero indexed term refers to the characteristics of the preliminary design. Cost function terms are calculated for the nominal operation, as it is the major and most frequent operating condition of the actuator. The phase inductances and the inertia constant for every respective motor design are evaluated during the optimization procedure. Although the dynamic response is not included directly in the composite cost function of the implemented optimization procedure, the mechanical and electrical dynamic characteristics are considered. Furthermore, the design variable limits are adapted to geometrical constraints, in order to guarantee mechanical robustness and avoid exceeding the maximum moment of inertia, as presented in Table I . However, the proposed optimization algorithm takes into consideration both nominal and extreme operating conditions through the introduction of appropriate constraints. In particular, a penalty function, expressed as follows, is iteratively calculated, for each particle. The penalty function terms are associated with the specified mean torque at normal T m,spec1 and extreme T m,spec2 operation, the fundamental stator voltage value at the high-speed operation V spec , defined by the supply dc link voltage and the sinusoidal Pulse Width Modulation (PWM) technique, and the maximum PMs T PM,spec and winding T W,spec temperatures at the extreme operation, as tabulated in Table I . If at least one constraint term value exceeds the 1.03, the respective particle is rejected as personal or global optimum for this iteration. The constraints involved in the optimization procedure are defined in terms of ratios providing a convenient per unit equivalent representation of the results. This does not affect the nature of the procedure or of the results, while it facilitates the solution evaluation process
where the indexes nom and ovl indicate the nominal and extreme operating condition, respectively. In the process of velocity calculation for each particle, the star neighborhood topology is adopted, due to its faster convergence than other social structures [15] , [17] . Moreover, the strict nature of the penalty function expressed in (3) enhances the necessity of a global than a local best to be considered as neighbor, for each particle. The velocity is calculated by
where V i is the particle's velocity, rand(0, 1) is the random function ∈ [0, 1], w is the inertia weight, c 1,2 is the acceleration constant, g best is the global best, and p best,i is the particle's personal best value. The first term in (4) represents the inertia of previous velocity, the second is the cognition part which represents the private thinking of a particle, and the third term is the social part that represents the sharing of information among the population [14] . In addition, maximum and minimum limits are implemented for the updated velocity of each particle, in order to eliminate the algorithm oscillations. The velocity of each particle, on each dimension, is limited by when the updated velocity exceeds a maximum absolute value, V max . The maximum velocity V max is defined by the following equation:
where X max,1 and X min,1 are the maximum and minimum values of each variable of the initial population. Therefore, the particle's velocity is regulated as follows:
As it can be observed in Fig. 4 , the parametric 2-D FE model includes two sets of magnetostatic analyses, in order to determine steady-state electromagnetic field characteristics, for both operating conditions. During the stationary rotor analysis, phase shifting of the stator currents occurs, enabling the calculation of maximum power angle. This power angle is then kept constant through the next synchronous rotation analysis stage, where the rotor and stator magnetomotive forces (MMFs) are synchronously rotated for one full electrical rotation. During this second set of analyses, all the steadystate performance terms are computed and sent to the cost and penalty function evaluation module. Furthermore, an analytical model is incorporated in the analysis of the steady-state characteristics of the candidate solutions, in order to estimate the respective eddy-current losses on the PMs, considering the winding configuration, the basic motor dimensions and the calculated input current of the motors. In particular, a model that considers space harmonics has been implemented based on [19] , considering the fundamental of the line current, as calculated from the FE model. The analytical model is based on the representation of the stator ampere-turns distribution by an equivalent current sheet of infinitesimal thickness disposed over the slot opening. The eddy current distribution in the PM body is solved for all rotating space harmonics, and the eddy current loss is calculated by summing the loss associated with each harmonic [19] . Moreover, for the evaluation of thermal robustness at extreme operation and the calculation of the C 4 and C 5 penalty function terms of each candidate solution, a parametric 2-D FE thermal model is developed. The inputs of the thermal model are the different losses components that is the copper losses in windings, the iron losses in stator and rotor iron laminations, respectively, calculated by the fixed step FE analysis, and the PM eddy current losses, calculated by the analytical model described previously, while the output of the model is the value of the maximum developed temperature in PMs and windings. The losses are considered to be uniformly distributed in the respective machine parts, where they are defined as heat sources.
IV. RESULTS AND DISCUSSION
The resulting initial motor dimensions and electromagnetic field characteristics, for both motor configurations, based on the preliminary design are tabulated in Table III . As shown in Fig. 1 , AS topology, which employs SL-FSCW, two separate stators in common housing are implemented. In order to reduce the computational cost of the respective 2-D FE analysis, the whole active length of the motor taken into consideration the double end windings value only for the calculation of copper losses. Such an assumption does not compromise on the accuracy of the resulting steady-state motor characteristics. The copper fill factor is considered as 0.5, which is a typical value for SL FSCW configurations at these power ratings [12] . For the CS-DL FSCW case, the copper fill factor coefficient is expected to be 0.45, due to the interface insulation in the slots. This approach leads to higher current density in the windings, compared with the AS topology, in order to meet the torque specifications. From the results shown in Table III , it can be observed that the initial design meets the specifications, for both motor topologies. However, the quite low efficiency value at nominal operation leads the optimization algorithm to give particular focus on the minimization of the total losses. Therefore, the weight coefficients applied to (2) are assigned as 
The initial population of the PSO algorithm is equal to 30 particles, for a design vector with five variables, as shown in (1), which is a compromise between accuracy, fast convergence, and computational cost. The acceleration constants are equal to c 1,2 = 2, while the inertia weight starts with 0.9 and linearly decreases to 0.4 at last iteration. The composite cost function value and the total number of constraints violation with respect to the iteration number for both motor topologies are shown in Fig. 5(a) , while the population distribution for the three main design variables for various iterations is shown in Fig. 5(b) . From Fig. 5 , it can be concluded that the optimization process presents fast convergence, approximately from the 12th iteration. The resulting geometrical design variables and cost function values for both motor configurations are shown in Table IV . The resulting optimized DL FSCW configuration presents a bit lower cost function value, as presented in Table IV , about 1.5%, with the same weight coefficients, in comparison with the SL FSCW topology. The higher number of constraints violations, in comparison with the SL case, stems from the fact that the DL FSCW configuration exhibits a lower winding factor, resulting in a bit lower torque capability. Therefore, for similar spatial limitations, a higher number of violations in torque specifications are expected.
The electromagnetic field distribution of the final optimized motors for the nominal and extreme operation is shown in Figs. 6 and 7 , respectively. Motors present considerable magnetic saturation, especially in overloading condition. However, the implementation of low loss Vacoflux50 iron laminations results in a high efficient motor. Furthermore, from Figs. 6 and 7, it can be concluded that the DL iron laminations in teeth and stator yoke are driven to lower saturation levels, in both operational conditions, due to the The resulting characteristics of the optimized SL and DL topologies, taken from the preceded analysis, for both modes of operation are tabulated in Table V, while the power loss distribution for both PMM topologies is shown in Fig. 8 . In the electromagnetic FE analysis, the calculated armature resistance depends on the winding temperature, evaluated by the thermal FE analysis. DL FSCW presents lower distortion effects in produced torque and stator voltage, mainly due to its lower winding factor harmonics and core saturation level. However, DL FSCW topology presents higher copper losses, mainly due to its lower back electromotive force (EMF) capability, resulting to higher armature current demands for the same torque specification. Furthermore, it can be observed that PM eddy current losses, calculated from analytical techniques as described in Section IV, play significant role in high speeds and particularly in the SL FSCW configuration, because of its higher spatial MMF harmonic content. It should be noted that the higher efficiency calculated at extreme operation is due to the high rotor speed (6000 r/min), increasing the produced mechanical power. In addition, the simulated efficiency resulted from the electromagnetic field analysis does not consider mechanical losses.
In the second step, both motor topologies are evaluated in terms of fault tolerant capability. The PMMs are driven in the dynamic simulation analysis by a two-level inverter, regulated by a vector field oriented speed controller. More specifically, the two phase currents are measured, and then, the dq-transformation is applied, such that the projections of the currents can be determined. The error signals between the reference and measured values of i q and i d are compensated by two PI controllers. The outputs of the current controllers pass through the inverse Park transformation, and a new stator voltage vector is applied to the motor by using the PWM technique. In order to control the mechanical speed of the motor, an outer loop is also utilized enabling generation of the reference current i q , whereas the value of the reference current i d is kept at zero.
In Fig. 9 , the transient behavior of both motor configurations during a three phase short-circuit fault, occurred at 1 s in one part of the segmented actuator, is investigated. Under the three-phase fault condition, the lower EMF capability of DL-FSCW configuration is beneficial in terms of braking torque production. Throughout the fault, SL FSCW continues to contribute the system with a higher, about 10%, braking torque, resulting in a higher load in the remaining healthy motor part, as shown in Fig. 9 . The braking torque also depends on the speed, the armature resistance, and the inductance values. The maximum torque during the fault is produced at electrical angular speed ω e = R/L. According to the resistance and inductance values at normal operation, the speed producing the maximum braking torque is equal to 250 r/min for the SL configuration and 292 r/min for the DL configuration. Therefore, the braking torque produced at nominal speed (500 r/min) is close to the maximum torque. The lower induced flux from PMs for the DL configuration, approximately 6% as presented in Table V , plays a key role in producing lower braking torque, regardless to the lower armature resistance and inductance values. The instantaneous phase current of the remaining healthy part for both configurations under short-circuit fault is shown in Fig. 10 . The high amount of armature current observed in the remaining healthy part, approximately 15% higher than the armature current under extreme operation, is due to the fact that the motor is responsible to satisfy the total specified actuator torque, as well as the braking torque of the faulting part.
In order to assess thermal robustness for the two motor configurations considered in both modes of operation, a steady-state thermal analysis has been undertaken. A convenient compromise between computational time and accuracy can be achieved, by appropriately combining several 2-D planar with an axisymmetric thermal FE model (semi-3-D analysis) [5] , [20] . In all cases studied, the motor temperature distribution of the thermal FE models of the modeling procedure is in good agreement and within the expected range.
In the FE analysis, a motor's housing-to-ambient heat transfer coefficient of 25 (W/m 2 * K) enables adequate representation for the actuator position below the rotor blades [20] . It may be noted that the stator winding cooling has been enhanced by selecting convenient insulation by thermally conducting epoxies, following the current manufacturing trends [22] , enabling to form thermal bridges to the motor casing easily cooled in the considered application. More specifically, for adequate slot insulation and heat dissipation, an appropriate high temperature resine has been implemented, which presents higher thermal conductivity coefficient (k = 2.5 W/m-K), in comparison with the conventional insulation materials, e.g., mica (k = 0.71 W/m-K).
For the air-gap heat convection modeling, the airflow at the air gap is considered by calculating the critical speed and the Taylor number [21] . Taylor number is expressed as follows: where ω is the angular rotor speed, v is the air kinematic viscosity, a and b are the inner and outer air-gap radii, respectively, and R ag is the mean air-gap radius (R ag = (a + b/2)). The critical angular velocity, which determines if there are vortices in the air gap, is expressed as follows [21] :
The critical speed for the PMMs is equal to 202.8 rad/s, thus Taylor vortices form at the extreme operating condition. Therefore, for normal operation, the heat transfer is dominated by conduction, and the heat transfer coefficient h n is calculated as follows [21] :
where k is the air thermal conductivity. The heat transfer coefficient at the air gap for the normal operation is equal to 36.8 W/m 2 * K. For the extreme operation, the quantity T 2 a /F 2 g is calculated, in order to investigate the airflow type (i.e., laminar flow with vortices or turbulent flow), where F g is a geometrical factor [21] . T 2 a /F 2 g is equal to 41 320 at extreme operation, and thus, the heat convection coefficient h e is computed as follows [21] :
The heat transfer coefficient for the extreme operation h e , applying (9) , is 95 W/m 2 * K. Under the ambient temperature of 20°C considered, the planar and axisymmetric temperature distributions for the AS topology at normal and extreme operating conditions are shown in Figs. 11 and 12 , respectively. The steady-state temperature variations in the two motor configurations for both modes of operation, according to the semi-3-D thermal analysis, are shown in Fig. 13 . From  Fig. 13 , a maximum difference of about 9°C and 19°C between AS-SL FSCW and CS-DL FSCW is observed, for the two operations considered, mainly due to the lower total power losses and the additional zone located between the two stator parts in AS topology. In the next step, the performance for the optimized AS-SL FSCW actuator topology, utilizing conventional magnetic materials is evaluated. This analysis can provide great services in the comparative evaluation of the implementation of advanced magnetic materials for this class of applications. The iron lamination type is M235-35A, and the PM material is neodymium NMX-34EH. The performance characteristics of the conventional magnetic materials employed are tabulated in Table VI . Initially, the electromagnetic field analysis is employed with inputs the nominal ( J = 5 A/mm 2 ) and overload ( J = 8.5 A/mm 2 ) current density, as presented in Table V for the SL-FSCW with the advanced magnetic materials. The magnetic field density distribution for the nominal and extreme electric load is shown in Fig. 14 , where it can be observed that the motor exhibits lower saturation levels, due to the implementation of the M235-35A iron laminations. The lower flux density values exhibited at the stator laminations, in conjunction with the lower remanence of the PMs, result in lower torque capability, maximum power density (17%), and efficiency, compared with the respective design utilizing the advanced magnetic materials. As a result, PMM design utilizing the conventional magnetic materials demands higher armature current, in order to meet torque specifications under normal and extreme operating condition. Thus, the thermal robustness of the resultant motor using the conventional materials is quite limited, and high temperature values, above the limits specified in Table I , are taken place in the PMs and windings particularly under the extreme operation, as shown in Table VI . Moreover, an overall cost increase by approximately 50% is incurred for the prototype construction by using Vacoflux50 material, although such a construction cost comparison cannot extended to raw motor production.
V. EXPERIMENTAL VALIDATION
The optimized AS-SL FSCW actuator topology, which has been favored from the preceded comparative analysis, has been validated by measurements on a manufactured prototype. For this purpose, a convenient experimental setup with a six phase inverter has been implemented. For constructional purposes, the active part length has been slightly adopted to the existing hydraulic actuator space availability. The motor parts and the signal routing from the experimental setup overview are shown in Fig. 15 . The switching frequency of PWM voltage is selected at 9 kHz, due to its advantageous characteristics in terms of drive system efficiency and torque quality [23] .
Initially, the no load test is performed, and the simulated and the measured PMM three phase no load voltages at high speed are shown in Fig. 16(a) and (b) , respectively. Fig. 16(a) and (b) shows the good agreement between the simulated and measured EMF time variations.
The measured mean torque with current under low-speed operation is shown in Fig. 17 , highlighting the linearity of torque with loading current observed at the design stage. The saturation of the iron core can be noticed in the change of the slope when current reaches the value of 30 A. However, this kind of electric loading corresponds to a high armature current density of approximately 10 A/mm 2 , which can be encountered at extreme operating conditions, for a short time duration, during certain maneuvers of the helicopter, or in the case of a fault. Furthermore, the machine has been tested at different rotational speeds from 0 to the maximum operating speed and various loading currents. From the results shown in Fig. 18 , the torque reduction observed at higher speeds for the same stator currents can mainly be attributed to eddy current losses in iron laminations, stator windings, and PMs corresponding to the higher supply frequencies. It should also be noted that regardless to the fact that the frequency modulation ratio of PMM drive system is quite low for the extreme operation considered (m f = 18) due to the high number of poles, the vector current control performs adequately and stably at this operating speed, presenting low harmonic distortion in armature current (THD < 5%), as shown in Fig. 19(a) and (b) , respectively. This is attributed mainly to the high filtering action by the winding reactance, due to the high speed value. The low THD current value provides reliable dq-axis Park transformations, with low ripple in reference values v * d and v * q . In the next step, the short-circuit test on the prototype is performed in order to validate the braking torque and the amplitude of the short-circuit current that has been calculated at the design stage of the motor. The tests have been performed by short circuiting the three phases of each winding structure at the same time, while the other star connected windings are kept in open-circuit conditions. Phase currents and developed torque are measured and reported in Figs. 20 and 21, respectively. As expected, the peak of the short-circuit currents is increasing at low speed ranges, while the results are limited to a practically constant value due to the winding reactance, at the higher speed ranges. A very good agreement between the analytical prediction and the experimental results can be observed. The error in the current measurement is equally shown in this graph. The motor resistance and inductance that have been measured in the experimental test are included in the analytical equivalent circuit-based model for the short-circuit analysis [24] . The measured armature resistance considered in the analytical evaluation of the braking torque is equal to 115 m . The FE model simulations are performed considering an ideal winding end zone part inductance during the short circuit, resulting in a slight deviation from the experimental results of the respective values of the short-circuit current and braking torque. The short-circuit torque (braking torque) that has been experimentally measured matches well with the analytical prediction, especially in the high speed ranges. In the low speed ranges, the inaccuracy of the torque-meter and the fluctuation of the speed during the test caused some measuring discrepancies mainly due to inaccuracy in torque readings.
VI. CONCLUSION
The redundancy effectiveness of AS and CS strategies in FSCW-PMMs, implementing advanced magnetic and insulation materials, for an EMA system of a helicopter swash plate has been examined. To that respect, a fast PSO methodology has been introduced for the design of SL and DL FSCW PM actuators, integrating two distinct operating conditions via appropriate constraint and composite cost functions. The optimal winding configurations and their segmentation strategies have then been assessed in terms of electromagnetic, fault tolerance, and thermal behavior. Electromagnetic field analysis resulted in higher efficiency of SL FSCW configuration, benefitting from low iron loss under heavily saturated conditions, due to the cobalt iron laminations employed. On the contrary, DL FSCW involves advantages in torque and stator voltage quality, exhibiting lower harmonic distortion effects and increased reliability. In addition, DL FSCW produced lower braking torque and short-circuit currents with respect to the SL configuration, due to its lower winding factor and higher inductances under fault conditions. On the other hand, SL FSCW-AS configuration offers greater thermal robustness and physical segregation of the two motor parts.
Consequently, through the combined electromagnetic and thermal analysis developed in this paper, the proposed SL and DL FSCW configurations present certain complementary advantages, the former concerning efficiency and thermal robustness and the latter concerning power quality and fault tolerance characteristics. Therefore, on a strict motor basis, the SL FSCW-CS topology is favored in the considered actuation system including two distinct operating conditions. The proposed motor configuration has been validated by measurements on a prototype.
